Kaposi's sarcoma-associated herpesvirus (KSHV) latency associated-nuclear antigen 1 (LANA1) protein is constitutively expressed in all KSHV-infected cells, as well as in all forms of KSHV-associated malignancies. LANA1 is a multifunctional KSHV oncoprotein containing multiple repeat sequences that is important for viral episome maintenance and the regulation of cellular and viral gene expression. We characterize here multiple LANA1 isoforms and show that ϳ50% of LANA1 is naturally generated as N-terminally truncated shoulder proteins that are detected on SDS-PAGE as faster-migrating shoulder bands designated LANA1 S . Higher-molecular-weight LANA1 S isoforms initiate downstream at noncanonical sites within the N-terminal region, whereas lower-molecular-weight LANA1 S isoforms initiate downstream within the central repeat 1 domain. LANA1 S proteins lack an N-terminal nuclear localization signal motif, and some isoforms differ from full-length, canonical LANA1 by localizing to perinuclear and cytoplasmic sites. Although LANA1 has until now been assumed to be solely active in the nucleus, this finding indicates that this major KSHV oncoprotein may have cytoplasmic activities as well. KSHV overcomes its limited genetic coding capacity by generating alternatively initiated protein isoforms that may have distinct biological functions.
T he Kaposi's sarcoma-associated herpesvirus (KSHV) (1) latency-associated nuclear antigen 1 (LANA1) is the primary viral genome maintenance protein (2, 3) . In addition to its role in latent viral genome replication and segregation, it targets multiple cellular tumor suppressor genes, such as p53 and retinoblastoma (Rb) (4) (5) (6) , and ribosomal subunit, chromatin remodeling, and transcriptional factor proteins (7) (8) (9) . LANA1 was first discovered as a nuclear protein through adsorption studies using KSHV-negative cells and Kaposi's sarcoma patient sera (10) . Patient antibodies to LANA1 were found to be specific for KSHV infection, and this was confirmed and extended in studies performed by Gao et al. (11) and Kedes et al. (12) to define the natural history of KSHV infection and KS.
LANA1 is a highly zwitterionic protein with basic N-terminal and C-terminal regions, separated by an acidic long central repeat (CR) region (13) (14) (15) (16) . The functions of LANA1 CR are unclear but appear to be critical for viral replication and genome maintenance (17) . For KSHV strain BC1 (U75698) (18) , the ORF73 gene product encoding LANA1 (Fig. 1A, LANA1 domains, antibody binding sites) is 1,162 amino acids (aa) long and can be divided into an N-terminal proline-, serine-rich domain (1 to 320 aa), an acidic central region (321 to 937 aa) subdivided into CR1, CR2, and CR3 subdomains, each having unique motifs of repeating glutamine, glutamic acid, asparagine amino acids (19) , and a C-terminal domain (938 to 1,162 aa) that is rich in charged and hydrophobic amino acids (18, 20) . Variations in LANA1 migration speeds on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) between KSHV strains are attributed to the loss or gain of repeat units from the highly repetitive central domain (21) .
The BC1 strain LANA1 is predicted to be an ϳ135-kDa protein (theoretical pI/molecular weight, 3.83/135,213. 27 [ExPASY]) (22) , but it migrates aberrantly as a doublet at 226 to 234 kDa on SDS-PAGE (15, 23, 24) . The doublet pattern results from a weak C-terminal noncanonical polyadenylation site that truncates approximately half of the LANA1 proteins, which are unable to bind the viral genome (25) . Whole primary effusion lymphoma (PEL) cell immunoblots using patient sera (11) or monoclonal antibodies to LANA1 (26) revealed multiple shoulder bands at apparent molecular masses of ca. 150 to 180 kDa on PAGE. Several authors have assumed these bands represent degradation products of the major 226-to 234-kDa isoforms (27, 28) , but this has not been demonstrated.
Nuclear localization is required for LANA1's functions in tethering the viral episome to chromatin during mitosis and for initiating latent plasmid replication. LANA1 nuclear localization signals (NLS) are encoded in both N-terminal (24 to 30 aa) and C-terminal regions (27, (29) (30) (31) The N-terminal NLS motif appears to be part of a bipartite NLS that can bind to multiple import receptors and thus might increase the ability of LANA1 to interact with different nuclear components (31) . LANA1 residues 996 to 1139 in the C terminus bind to viral terminal repeat sequences and mediate episome replication (32) in concert with the chromatinbinding domain of LANA1 located at the N terminus at the initial LANA1 22 aa (28) . Further, LANA1 N terminus binds to nucleosomes through histone H2A and H2B facilitating viral DNA replication (33) .
Although LANA1 mRNA is expressed at low levels, LANA1
protein is abundantly detected in naturally infected human PELderived cells due to its long half-life (19) . In the present study, we examine alternative noncanonical protein isoforms of KSHV LANA1. Translation initiation in eukaryotes usually follows the ribosomal scanning model, wherein the ribosomal subunit binds at the 5= end of an mRNA and scans in the 3= direction until it encounters an initiation AUG (methionine) codon in the context of the Kozak sequence, GCCRCCaugG (34) . Despite the importance of the sequence surrounding the initiation codon, other factors may also determine the site of translation initiation. Excep- recognizes repetitive EQEQ and EQEQE epitope found in CR2 and CR3 domains. (B) Coimmunoprecipitation/immunoblotting of LANA1 with antibodies to N-terminal and to CR2 epitopes reveals that LANA1 shoulders (LANA1 S ) are not detected with N-term antibody. Endogenously expressed LANA1 from BCBL1, BC1, and BCP1 cells was pulled down by CR2 antibody. Immunoprecipitated proteins and 2% of the total cell lysate served as an input control separated on an SDS-8% polyacrylamide gel and were immunoblotted either with ␣N-term or ␣CR2 antibody (given as higher and lower exposures). KSHV-negative BJAB cells were used as a control. Full-length LANA1 migrates as doublets at around 230 kDa (LANA1 L ) and the shoulder bands of LANA1 (LANA1 S ) at around 150 to 180 kDa. (C) Deletion of the N terminus eliminates LANA1 reactivity to N-term but not to CR2 and CR2-3 antibodies. Full-length LANA1 (LANA1.FL), an N-terminal truncation mutant lacking the first 281 aa (⌬282), and a control vector (empty) were overexpressed in HEK293 cells. The proteins were pulled down by CR2 antibody and analyzed by immunoblotting with ␣N-term or ␣CR2 antibody. (D) Epitope tagging confirms the absence of N-terminal peptide sequences for LANA1 S isoforms. N-terminal FLAG-tagged (Flag.LANA1.FL) and C-terminal V5-tagged (LANA1.FL.V5) LANA1.FL expressing HEK293 cell lysates were immunoblotted with ␣FLAG, ␣V5, ␣CR2, and ␣CR2-3 antibodies.
tions occur in cases of leaky scanning (35, 36) . In such cases, inefficient recognition of an AUG or recognition of non-AUG initiator codons (CUG, GUG, UUG, ACG, AUU, and AUA) results in continued scanning of a portion of the 43S preinitiation complexes and initiating at a downstream methionine, generally having an appropriate Kozak context (37) . Evidence is increasing that noncanonical translation initiation is more common in biological systems than previously thought. A recently developed global translation initiation sequencing method (GTI-seq) having single-base-pair resolution revealed an unexpected abundance of alternative translation initiation sites (TIS), including non-AUG sites, in human cells (38) . According to that study, up to 27% of total TIS were located downstream of annotated TIS and 53% of these downstream TIS (dTIS) used non-AUG codons including CUG, AUG variants, and others. In addition to leaky scanning, reinitiation can occur on bicistronic or polycistronic mRNAs, where ribosomes resume scanning after the termination of a short upstream open reading frame (ORF) (39) . Internal ribosome entry sites (IRES) bypass cap-dependent scanning at the 5= end of the mRNA and recruit the initiation complex to internal start codons (40) . In ribosome shunting (discontinuous scanning), cap-dependent ribosome scanning bypasses and initiates translation downstream of a region with inhibitory elements such as short ORFs or stem-loop structures (41, 42) .
Alternative translation initiation was first defined for Sendai virus and Moloney murine leukemia virus (43, 44) . KSHV K12 protein (kaposin) (45) has been shown to initiate translation from non-AUG sites. Translation of viral mRNAs, including the P gene of hepatitis B virus and the small Rep40-like protein encoded by adeno-associated virus type 5 using ribosomal scanning or internal initiation, has also been reported (46, 47) .
We show here that LANA1 shoulder proteins are multiple noncanonical LANA1 translation products, called LANA1 S . The highest-molecular-weight shoulder forms are generated by non-AUG-dTIS within the N terminus, while most of the lowermolecular-weight forms are initiated from TIS within the central repeat domain 1. These alternative translation products generate N-terminally truncated proteins that disrupt the N-terminal NLS. Some-but not all-shoulder bands are retained in the cytoplasm and partially colocalize with ribosomal and perinuclear mitochondrial structures. Viruses such as KSHV can in part overcome their limited genomic coding capacity during latency by generating alternatively translated protein isoforms. We demonstrate that LANA1, previously thought to be exclusively a nuclear protein, has the potential to interact with and dysregulate cellular cytoplasmic signaling proteins.
MATERIALS AND METHODS
Cell lines and antibodies. HEK293 human embryonic kidney cells (American Type Culture Collection [ATCC]) and U2OS human osteosarcoma cells (kindly provided by Ole Gjoerup) were grown in Dulbecco modified Eagle medium (DMEM) with L-glutamine and 4.5 g of glucose/ liter (Cellgro) supplemented with 10% fetal bovine serum (FBS; Sigma). BJAB, BCBL1, and BC1 cells (ATCC) were maintained in RPMI 1640 with L-glutamine (Cellgro) supplemented with 10% FBS. BCP1 cells were grown in RPMI 1640 medium with L-glutamine supplemented with 4.5 g of glucose/liter, 10 mM HEPES, 1 mM sodium pyruvate, and 20% FBS. We generated the mouse monoclonal antibodies anti-LANA1 (CMA-810, ␣CR2, EPQQ, 1:1,000) (48) and anti-LANA1 N-terminal (␣N-term, CD LGDDLHLQPKRRKHVAD, 1:2,000). Rabbit monoclonal antibody for the ORF50 gene product was kindly provided by David Lukac (␣ORF50, 1:3,000). Rat anti-LNA1 antibody (␣CR2-3) was purchased from Advanced Biotechnologies, Inc. The mouse V5 antibody (Invitrogen) and mouse Flag-M2 antibody (Sigma) were used for C-terminally and N-terminally tagged LANA1 detection, respectively. In subcellular fractionation experiments, ␣-tubulin (Sigma), LAMP1 (H5G11; Santa Cruz), Orc2 (BD Biosciences), lamin B1 (Invitrogen), and calreticulin (Abcam) antibodies were used to evaluate the subcellular fractions. Ribosomal protein S6 and the phospho-Rb antibodies pRb Ser780/795/807/811 were purchased from Cell Signaling. For confocal microscopy, we used mitochondrion-selective probes (MitoTracker; Invitrogen) and DRAQ5 (Cell Signaling) for nuclear staining. Antibodies were diluted according to the manufacturer's instructions.
Plasmids. LANA1 constructs were generated by PCR with a BC1 strain based LANA1 plasmid DNA used as a template (18) and subcloned into pcDNA3.1/Zeoϩ (Invitrogen) using the primers listed (Table 1) . PCR products were digested with EcoRI/PflMI and ligated into LANA1 plasmid (LANA1.FL) used as a template. ⌬161 comprises the amino acid sequence between aa 161 and 1162, and ⌬282 comprises the amino acid sequence between aa 282 and 1162 starting with the third and fourth Table 1 ). The four in-frame methionines at amino acid positions 1, 6, 161, and 282 in the N-terminal domain were substituted with alanines by overlapping PCR using the indicated primer pairs (see Table 1 ). All of the plasmid sequences generated were confirmed by DNA sequencing. To generate pLANA1.d1EGFP, full-length LANA1 (from plasmid LANA1.FL) was digested with EcoRI/ HindIII and subcloned into pd1EGFP-N1 vector (kindly provided by Don Ganem), which contains the PEST amino acid sequence (49) and thus targets fused proteins for degradation (19) . The FLAG.LANA1.FL and LANA1.FL.V5 fusion constructs were generated by subcloning full-length LANA1 into pCMV.Tag2B (Flag; Stratagene) and pCDNA6.V5.HisB (V5; Invitrogen) via EcoRI/XhoI and NheI/HindIII restriction sites, respectively. Both constructs were sequenced after cloning. The construction of LANA1 enhanced green fluorescent protein (EGFP) and SIINFEKL fusion constructs was described previously (50) . Central repeat deletion mutants of LANA1 ⌬CR1, ⌬CR2, and ⌬CR3 were derived from EGFP-SIINFEKL fusion constructs (50) . Briefly, the plasmid DNAs were linearized with HindIII, blunted with mung bean exonuclease (New England BioLabs), and subsequently digested with EcoRI restriction digestion enzyme. The released fragments were subcloned into parent vector pcDNA6.V5.HisB via EcoRI and EcoRV restriction sites. Enzymes were used as recommended by the manufacturer. All constructs were confirmed by DNA sequencing.
Western blotting and immunoprecipitation analysis. The plasmid DNAs were prepared by using the Qiagen midi-prep procedure. HEK293 and U2OS cells were transfected with Lipofectamine 2000 (Invitrogen) and X-tremeGENE HP transfection reagent (Roche) according to the manufacturers' recommendations. Cells were harvested at 48 h posttransfection, rinsed once in phosphate-buffered saline (PBS), and lysed in radioimmunoprecipitation assay (RIPA) buffer containing 50 mM TrisHCl (pH 7.4), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, and 1% NP-40 and also supplemented with protease inhibitors (Roche) for 30 min on ice. After centrifugation at 17,000 ϫ g for 15 min, the protein concentrations were measured using DC protein assay kit reagents (BioRad). Cell extracts were resolved on 4 to 20% Criterion TGX precast gels (Bio-Rad), NuPage 4 to 12% Bis-Tris gradient gels (Invitrogen), or selfcast 6 to 8% gels and then transferred to a nitrocellulose membrane (Hybond C Extra; Amersham). Membranes were incubated 1 h at room temperature in blocking buffer (5% nonfat dry milk, 1ϫ Tris-buffered saline [TBS] ) and immunoblotted with the respective antibodies in 5% bovine serum albumin-1ϫ TBS-0.05% Tween 20 for 2 h at room temperature or overnight at 4°C. Goat anti-rat (Sigma), anti-mouse (Amersham), and anti-rabbit (Cell Signaling) horseradish peroxidase-conjugated secondary antibodies were diluted at 1:6,000 in blocking buffer. Proteins were detected by enhanced chemiluminescence (Perkin-Elmer). For infrared Western blot imaging, LI-COR 680 and LI-COR 800 fluorescently labeled secondary antibodies were diluted at 1:10,000, and the membranes were analyzed with an Odyssey imaging system (LI-COR Biosciences). For immunoprecipitations, the cells were lysed in 500 l of lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl 1% Triton X-100, 2 mM NaF, 1 mM NaVO 3 , protease inhibitor cocktail [Roche] ) and precleared with 40 l of 50% A/G Plus-agarose beads (Santa Cruz) with rotation for 1 h at 4°C. Precleared cell extracts were incubated at 4°C overnight with 3 g of ␣CR2 (CMA-810) and coupled with 40 l of 50% A/G Plus-agarose beads (for 2 h at 4°C). Immune complexes were washed in lysis buffer for 15 min, once with 0.5 M LiCl in 50 mM Tris-HCl for 10 min, and once again with lysis buffer. Subsequently, beads were collected after centrifugation for 1 min at 3,500 ϫ g. Immunoprecipitated proteins were released from beads by boiling in 30 l of 2ϫ Laemmli buffer. Samples were resolved by SDS-PAGE and immunoblotted.
Protease inhibitor MG132, TPA, and lambda phosphatase treatment. BJAB, BCBL1, BC1, and transfected HEK293 cells were either treated with proteasome inhibitor MG132 (20 M, 12 h) or with dimethyl sulfoxide. In order to induce lytic replication in PEL cells, BJAB, BCBL1, and BC1 cells were incubated in medium containing 20 ng of 12-O-tetradecanoyl phorbol 13-acetate (TPA)/ml for 48 h. Cells were lysed in RIPA buffer, and equal amounts of protein were separated on a 4 to 12% gradient gel as described above. Transfected HEK293 cells and KSHV-negative BJAB cells and KSHV-positive BCBL1 cells were harvested, lysed, and briefly sonicated in NP-40 lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.6% SDS, 0.5% sodium deoxycholate, 1% NP-40, supplemented with protease inhibitors) for 30 min on ice. Equal amounts of protein lysate was then incubated with or without lambda phosphatase supplemented with 1ϫ PMP buffer and 1ϫ MnCl 2 at 37°C for 1 h (New England BioLabs).
Nuclear and cytoplasmic fractionation. The cells were harvested and washed in PBS and lysed in 250 l of lysis buffer (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl 2 , 1 mM dithiothreitol, 0.1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM NaVO 4 , and 10 g of aprotinin and leupeptin/ml) for 10 min on ice. The supernatant was removed (cytoplasmic fraction), and the pellet was resuspended in 150 l of nuclei extraction buffer (20 mM HEPES [pH 7.9], 1.5 mM MgCl 2 , 420 mM NaCl, 0.2 mM EDTA, 25% glycerol, 0.5 mM PMSF, 1 mM NaVO 4 , and 10 g of aprotinin and leupeptin/ml). The nuclear fraction was sonicated briefly and centrifuged at full speed for 10 min at 4°C, and the supernatant was collected (nuclear fraction). The protein concentrations were estimated using DC protein assay reagents (Bio-Rad). Analysis of the LANA1 distribution in PEL-derived cells was performed using a subcellular protein fraction kit for cultured cells (Thermo Scientific) according to the manufacturer's instructions. Briefly, different lysis buffers were used to extract soluble cytoplasmic (CE), plasma, mitochondria, and endoplasmic reticulum (ER)/Golgi membranes (ME), the soluble nuclear extract (NE), and chromatin-bound nuclear proteins (CB). The protein concentrations were determined as described above, and adjusted lysates were run on gradient gels.
Immunofluorescence and confocal microscopy. For immunofluorescence studies, U2OS cells were seeded at a confluence of 10 5 cells per well in a 24-well plate containing coverslips and were transfected with 0.1 to 0.3 g of expression plasmids encoding LANA1 variants using X-tremeGENE HP transfection reagent (Roche). After 24 to 48 h, the cells were rinsed briefly with PBS and fixed with 2% paraformaldehyde for 20 min at room temperature and subsequently permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature. After blocking (10% normal goat serum in PBS) for 1 h, the cells were incubated for 1 to 2 h in a humidified chamber at room temperature with primary antibody mouse ␣N-term and subsequently for 1 h with the secondary antibody (antimouse Alexa Fluor 568; Invitrogen), followed by rat monoclonal anti-LANA1 (1:1,000, ␣CR2-3) and anti-rat fluorescein isothiocyanate (FITC) (1:500; Sigma) staining. The cells were washed three times for 5 min after incubation with each antibody. Coverslips were mounted in Vectashield with DAPI (4=,6=-diamidino-2-phenylindole; Vector Laboratories), and the cells were visualized with an Olympus microscope. For confocal microscopy, LANA1.FL transfected U2OS cells were washed briefly with PBS and incubated with 200 nM MitoTracker (Invitrogen) in serum-free DMEM for 30 min at 37°C. PEL cells were seeded on poly-L-lysine-coated coverslips incubated at 4°C for 15 min; unattached cells were rinsed with PBS and then fixed and permeabilized as described above, blocked with 10% normal goat serum, and incubated with rabbit ␣S6 (1:100; Cell Signaling) for 2 h at room temperature, followed by secondary antibody (anti-rabbit Alexa Fluor 568; Invitrogen). Stained cells were rinsed and incubated with mouse ␣CR2 (1:1,000) staining for 1 h at room temperature, followed by secondary antibody (anti-mouse Alexa Fluor 488; Invitrogen). The cells were rinsed and subsequently stained with DRAQ5 for 15 min at room temperature, rinsed in PBS, and mounted with Gelvatol mounting medium for fluorescence (Center for Biologic Imaging, University of Pittsburgh). Confocal images and three-dimensional (3D) visualization of BCBL1 cells were acquired using a Leica TCS SP confocal microscope.
RESULTS

LANA1 shoulder bands (LANA1 S ) lack N-terminal peptides.
To investigate LANA1 translation, we generated new mouse monoclonal antibodies directed against the LANA1 N terminus (CM6.43.24, ␣N-term), using an N-terminal peptide sequence between aa 33 and 50, and against the repetitive CR2 EPQQ epitope found throughout aa 446 to 596 (CMA-810, ␣CR2) (48). We used a commercially available rat monoclonal antibody recognizing the EQEQE in the CR3 domain (ABI, rat ␣LNA1) (26) . In the present study, we found out that the same antibody reacts to the EQEQ epitope present in CR2 domain. Based on that, we define the rat monoclonal ␣LNA1 as an ␣CR2-3 antibody recognizing the EQEQE and EQEQ epitopes found throughout aa 698 to 872 (Fig. 1A) .
LANA1 proteins from KSHV-positive BCBL1, BC1, and BCP1 PEL cells were first immunoprecipitated with ␣CR2 antibody and then detected with either ␣CR2 or ␣N-term antibodies (Fig. 1B) . PEL lysates showed a typical pattern of ϳ230-kDa LANA1 doublets expected for the full-length protein (LANA1 L ) detected with both antibodies. LANA1 shoulder bands (LANA1 S ) that migrate at ca. 150 to 180 kDa (SDS-8% PAGE), however, are only detected by immunostaining with ␣CR2. Banding patterns on ␣CR2 immunoblotting are identical for the different cell lines except that the pattern proportionally shifts between cell lines, a finding consistent with the gain or loss of CR units as previously described (51) . The ␣N-term antibody, however, only detects full-length LANA1 L bands, suggesting that LANA1 S lacks N terminus peptide sequences (Fig. 1B) . As determined by quantitative infrared chromophore (LI-COR) immunoblotting, we estimate that LANA1 S comprises ca. 50 to 60% of the total naturally expressed LANA1 in PEL cells (data not shown).
To confirm this, full-length LANA1 (LANA1.FL) was compared to a cloned construct with most of the N terminus deleted (⌬282 LANA1, see Fig. 3A ). The ⌬282 LANA1 was cloned to delete the first three potential start-methionines but to retain the fourth potential start-methionine. Despite differences in absolute expression abundance, most LANA1 S isoforms that are expressed by LANA1.FL are also expressed by ⌬282 LANA1. This is most readily seen after immunoprecipitation with ␣CR2 antibody (Fig. 1C) . ⌬282 LANA1 lacks the N-terminal epitope and cannot be detected by ␣N-term antibody (Fig. 1C) .
N-terminal (FLAG.LANA1.FL) and C-terminal (LANA1.FL.V5) epitope-tagged full-length LANA1 constructs expressed in HEK293 cells have expression patterns similar to those seen in PEL cells (Fig. 1D) . ␣CR2 and ␣CR2-3 antibodies detect both LANA1 L and LANA1 S protein isoforms generated by FLAG.LANA1.FL and LANA1.FL.V5. When these same lysates are immunoblotted with ␣FLAG antibody, only LANA1 L is detected. LANA1.FL.V5 retain LANA1 S bands detectable with ␣V5 antibody, indicating that LANA1 S bands are generated from alternative initiation sites that bypass the N-terminal FLAG epitope.
Expression of LANA1 S during MG132, lambda phosphatase, and TPA treatment. LANA1 S lacking N-terminal peptide sequences could be generated either by alternative translation initiation or by posttranslational modifications, such as proteolytic processing. To evaluate endoproteolytic cleavage and proteasomal degradation (52) , PEL cells were treated with the proteasome inhibitor MG132 (20 M) for 12 h and immunoblotted with ␣CR2 antibody, but no preferential increase in LANA1 L compared to LANA1 S was present ( Fig. 2A) . Similarly, MG132 treatment of a destabilized enhanced green fluorescent LANA1 protein (LANA1.d1EGFP) (50) expressed in HEK293 cells led to equal accumulation of all forms of LANA1. Treatment of LANA1-ex- pressing cells with the pan-caspase inhibitor Z-VAD also did not alter the shoulder pattern (data not shown). Finally, no low-molecular-weight bands consistent with an N-terminal proteolytic cleavage product were detected with ␣N-term antibody by immunoblotting, indicating that no enzymatic or endoproteolytic cleavage has an effect on formation of LANA1 shoulder bands (data not shown).
Lambda phosphatase treatment of LANA1 was used to measure shifts in electrophoretic migration for LANA1 L and LANA1 S caused by posttranslational phosphorylation. BJAB, BCBL1, and HEK293 cells expressing LANA1.FL, with or without lambda phosphatase treatment, were immunoblotted with ␣CR2. Phospho-Rb antibody detecting the endogenous levels of retinoblastoma protein (Rb) phosphorylated at serine residues was used as a control. As seen in Fig. 2B , phosphatase treatment reduced or eliminated Rb phosphorylation but did not markedly affect LANA1 S banding patterns.
Like LANA1 L , LANA1 S bands are largely constitutively expressed in PEL cells. When the PEL cell lines BCLB1 and BC1 are treated with TPA (20 ng/ml for 48 h), robust expression of the lytic transactivator protein ORF50 is induced (Fig. 2C) . In TPA-treated BCBL1 and BC1 cells, the lowest-molecular-weight LANA1 S S7 and S8 levels are slightly increased. Aside from this, no changes in LANA1 S band patterns are seen. Taken together, these experiments show that most LANA1 S isoforms are constitutively expressed and are unlikely to be generated by common posttranslational modification processes.
LANA1 S isoforms are generated through multiple, complex translation initiation sites. The LANA1 N terminus region has three AUG-dTIS at amino acid positions 6, 161, and 282 that are potential start sites for leaky scanning and translation initiation downstream of the annotated-AUG (position 1) (Fig. 3A , indicated in boldface). Non-AUG-dTIS in the N terminus included four CUG, three UUG, five ACG, three AUU, three AUA, and seven GUG that are in-frame for LANA1 and could potentially serve as TIS to generate LANA1 S isoforms recognized by ␣CR2 and ␣CR2-3 antibodies (Fig. 3A) . We generated M1A, M6A, M1A6A, M161A, and M282A methionine-to-alanine substitution mutations at amino acid positions 1, 6, 160, and 282, N-terminal truncation mutations lacking the first 160 (⌬161) and 281 (⌬282) amino acids, and stop codon insertion mutants at amino acid positions 30 (30.STOP) and 159 (159.STOP) in BC1 strain LANA1.FL to search for alternative TIS (Fig. 3A) . These mutants were expressed in HEK293 cells and analyzed by Western blotting. To facilitate the evaluation of the LANA1 banding pattern, the full-length LANA1 isoforms are numbered L1 and L2, and the shoulder bands are numbered S1 through S8 (Fig. 3B and D) .
Both M1 and M6 conform the Kozak context and have either Ϫ3A/G or ϩ4G, or both. Mutation of the start methionine to alanine (M1A) might enforce downstream LANA1 translation initiation (Fig. 3B ). When this mutation was introduced, only a slight shift in LANA1 L apparent molecular weight became apparent, without changes to the LANA1 S banding pattern, which is most consistent with M6 becoming the new predominant initiation product. Likewise, the M6A substitution mutant has similar banding patterns to LANA1.FL (Fig. 3B) . Although LANA1 S S1 and S2 expression is reduced and S3 and S4 expression is enhanced for the M6A mutant, both bands are present at the same migration positions as for the wild-type protein. The M1A6A double mutant, however, eliminates L1 and L2 bands, while the lower-apparentmolecular-weight shoulder bands S1 to S8 are preserved (Fig. 3B) . LANA1 S S1 and S2 become prominent with the M1A6A mutations, suggesting that these bands arise from downstream initiation beyond methionine 6. The prominent doublet (Fig. 3B,  M1A6A , black arrows) at ϳ180 kDa seen with the M1A6A mutant may reflect a newly predominant isoform initiating at downstream methionines such as M161 or M282. Similar to the M1A6A mutant, the stop codon insertion mutant 30.STOP, generates S1 to S8 but not L1 and L2 (Fig. 3C, black arrows, Fig. 3E ). Deletion of 1 to 161 aa (⌬161) and the 159.STOP insertion mutant have similar banding patterns but lack L1, L2, and S1 expression ( Fig.  3C and E) , suggesting that initiation for S1 occurs between aa 30 and 159. In the ⌬282 deletion mutant, L1 to S2 are not present, but most of the low-molecular-weight shoulder bands remain detectable, which is consistent with S2 initiating between aa 161 and 282.
To determine whether M161 or M282 serve as TIS for LANA1 S isoforms, both methionines were mutated to alanines ( Fig. 3D and  E) . No changes in the patterns of any of the isoforms were seen, suggesting that M161 and M282 are not start sites for any of the LANA1 S isoforms, although all M161 and M282 LANA1 proteins migrated slightly faster than predicted from changes in actual molecular weight using either ␣CR2 or ␣N-term antibodies (Fig. 3D , arrows indicate the shift in gel migration pattern, Fig. 3E ).
Given the complexity of the LANA1 S shoulder pattern, we next focused on the lowest-molecular-weight LANA1 S S7-8 isoforms (Fig. 3C, ⌬282, gray arrow) , which migrate at ϳ130 kDa and are unchanged in the substitution and deletion mutant proteins. These data suggest that S7 and S8 have a TIS downstream from methionine 282. The N terminus-CR1 transition region, between aa 282 and 321, encodes several non-AUG codons that could potentially play a role in translation initiation. We generated single or multiple alanine substitutions at amino acids L283, V284, I289, and I315 (Fig. 3A , shown in italics) and saw no changes in LANA1 S S7 and S8 expression (data not shown), most likely reflecting dTIS in the central repeat region for the lowest-molecular-weight shoulder isoforms.
Central repeat domain 1 deletion eliminates most LANA low-molecular-weight shoulder bands. To investigate the central repeat domains as potential initiation sites for LANA1 S isoforms, we generated C-terminal V5 tagged central repeat (CR) deletion mutants of LANA1 (19) . Because of the aberrantly retarded electrophoretic migration for LANA1, we first empirically determined (data not shown) the expected contributions for each LANA1 domain to the protein's overall gel mobility by deletion of individual domains (Fig. 4A) . From this, the expected 150-to 180-kDa LANA1 S isoforms (if present) would migrate at 130 to 160 kDa for ⌬CR1, at 70 to 100 kDa for ⌬CR2, and at 125 to 155 kDa for ⌬CR3. The CR1 deletion reduced or eliminated the predominant LANA1 S S3-S8 shoulder bands compared to full-length LANA1 (Fig. 4B) . In contrast, shoulder bands were preserved with CR3 deletion but proportionally shifted in molecular weight. As previously reported, deletion of CR2 reduces stability of LANA1 (50) . To detect ⌬CR2 LANA1 S , protein lysates were 2-fold overloaded compared to other LANA1 constructs, the gel was electrophoresed for a shorter time period, and the membrane was overexposed after incubation with the V5 antibody (Fig. 4C) . LANA S1 to LANA S8 isoforms are denoted by brackets. Bands of the correct predicted size for ⌬CR2 LANA1 S (70 to 100 kDa) were detected in the overexposed gels.
When LANA1.FL was overexposed (Fig. 4C) , however, addi- , suggesting that S1 and S2 (arrowheads) initiate downstream from aa 30. The ⌬161 and 159.STOP banding patterns lose S1, compared to M1A6A and 30.STOP, suggesting a TIS for S1 between residues 30 and 159. ⌬282 lacks L1, L2, S1, and S2 but still preserves the low-molecular-weight shoulder bands (S3 to S8), suggesting a TIS for S2 between residues 159 and 282. (D) Alanine substitutions at M161 and M282 do not change the LANA1 S banding pattern, indicating that these AUG codons are not TIS for LANA1 S isoforms. Substitution mutants M161A and M282A do not alter the shoulder bands; however, the migration speed is increased for all isoforms (lower exposure, arrows). (E) Comparison of LANA1 construct expression to endogenous LANA1 expression in PEL cell lines. LANA1 constructs were transfected into HEK293 cells, and protein expression was analyzed by immunoblotting with ␣CR2 and ␣N-term antibodies and compared to LANA1 expression from BCP1, BCBL1, and BC1 cells (BJAB cells serve as a negative control). Total protein loading was variably adjusted between different samples to allow simultaneous detection of LANA1 isoforms on a single blot. *, A nonspecific band (present in BJAB cells) is detected with N-term antibody at ϳ100 kDa.
tional low-abundance isoforms with Ͻ100-kDa bands containing the C-terminal V5 tag can also be detected (brackets with asterisks). No shift in these bands was present with CR1 deletion, suggesting that additional low-molecular-weight, low-abundance translation products may initiate from a site downstream of CR1. We cannot exclude that these low-abundance isoforms also contribute to the bands we identified as ⌬CR2 LANA1 S isoforms (Fig.  4C) , illustrating the unexpected complexity of LANA1 translation patterns. LANA1 S localization to the cytoplasm. LANA1 isoforms lacking the first 22 to 30 aa do not encode the N-terminal LANA1 NLS (30) and cannot bind to chromatin (28) . Therefore, we sought to determine whether these isoforms retained the ability to localize to the nucleus characteristic for canonical LANA1. Immunofluorescence microscopy of BCBL1 and BC1 PEL cells using N-term and CR2-3 antibodies reveals that most LANA1 protein is present in a typical punctate nuclear staining pattern (Fig. 5A) . However, LANA1 can also be detected in the perinuclear cytoplasm of PEL cells by confocal microscopy (Fig. 5B, red arrows) . This is most readily seen in 3D views of BCBL1 cells stained with ␣CR2 (see Movie S1 in the supplemental material) in which aggregates of LANA1 protein are present outside of the nuclear envelope.
To determine whether LANA1 isoforms lacking the N-terminal NLS localize to cytoplasmic domains, LANA1.FL, ⌬161, ⌬282, 30.STOP, 159.STOP, M161A, and M282A constructs were expressed in U2OS cells and stained with ␣CR2-3 or ␣N-term antibodies. As seen in Fig. 6A , full-length LANA1 L localizes mainly to the nucleus and to a lesser extent in the cytoplasm. Similarly, M161A and M282A, which express full-length LANA1 L (Fig. 3D and E), retain nuclear localization and reside in the cytoplasm as well (Fig. 6A) . The ⌬161, ⌬282, and 30.STOP proteins, however, primarily localize to the cytoplasm and can be detected with ␣CR2-3 or ␣CR2 antibodies, but not ␣N-term antibody since the epitope is absent in these constructs (Fig. 6A) . The 159.STOP construct is predicted to generate an artificial N-terminal peptide (1 to 159 aa) retaining the N-terminal NLS and N-term epitope, as well as naturally translated C-terminal LANA1 S isoforms (Fig. 3C) . Consistent with this, ␣N-term antibody staining reveals nuclear localization of the N-terminal peptide, whereas ␣CR2-3 staining is cytoplasmic (Fig. 6A, 159 .STOP).
FIG 4 CR1 deletion eliminates low-molecular-weight LANA1 S . (A) Accord-
ing to the migration pattern of different LANA1 expression constructs (data not shown), the apparent molecular weight of each domain is estimated. The observed molecular weights and theoretical molecular weights are expressed in thousands. LANA1.FL and different central repeat (CR) deletion mutants-⌬CR1, ⌬CR2, and ⌬CR3-were fused to a C-terminal V5 tag. (B) LANA1 S isoforms are reduced or absent when the CR1 domain is deleted from LANA1 but not by the deletion of the CR2 or CR3 domains. Different LANA1 mutants were transfected in HEK293 cells, and lysates were analyzed by SDS-PAGE and Western blotting with ␣V5 antibody. LANA1.FL and ⌬CR3 possesses shoulder bands at ca. 150 to 180 kDa and at ca. 125 to 155 kDa, respectively. (C) Deletion of CR2 is known to reduce the stability of LANA1. Lysates from panel B with the exception of 2-fold overloaded ⌬CR2 were electrophoresed on a gradient gel for a shorter time period to visualize CR2-LANA1 S , which is shifted ϳ80 kDa compared to the LANA1.FL shoulders (black brackets). Additional lowabundance isoforms with Ͻ100-kDa bands containing the C-terminal V5 tag are marked with gray lines and asterisks. BJAB, BCBL1, and BC1 cells were seeded on poly-L-lysine-coated coverslips. After fixation and permeabilization, th cells were costained with ␣N-term and ␣CR2-3 antibodies. Nuclei were stained with DAPI (blue). (B) Cytoplasmic and nuclear staining of endogenous LANA1 in BCBL1 and BC1 cells is seen with mouse ␣CR2 primary antibody. White arrows point to the perinuclear localization of LANA1. DRAQ5 was used for the nuclear staining. 3D visualization of LANA1 isoforms in BCBL1 by confocal microscopy is shown in Movie S1 in the supplemental material. LANA1 S isoforms localize to various cytoplasmic structures (Fig. 6B ). For example, LANA1 S colocalizes with mitochondrioncontaining structures in the perinuclear region of some, but not all cells, as measured by MitoTracker costaining (Fig. 6B, left panel) . LANA1 S can also partially colocalize with cytoplasmic ribosomal structures as detected by ribosomal S6 protein costaining (Fig. 6B , right panel) (9) . BJAB, BC1, BCBL1, and HEK293 cells expressing various LANA1 constructs were separated into nuclear and cytoplasmic fractions and immunoblotted with ␣CR2 and ␣N-Term antibodies ( Fig. 7A and C) . Fractionation quality was measured by immunoblotting with antibodies to lysosomal-associated membrane protein 1 (LAMP1; cytoplasmic) and origin recognition complex 2 (ORC2; nuclear). Fractionation reveals a more complex pattern than seen with immunofluorescence staining for LANA1. LANA1 L naturally expressed in BC1 cells or from a full-length construct in HEK293 cells is primarily nuclear. Staining with ␣N-term antibody, however, reveals a portion of full-length LANA1 L in the cytoplasm (Fig. 7A ). In parallel with the immunofluorescence staining, for each mutation construct in which LANA1 L is eliminated (⌬161, ⌬282, 30.STOP, and 159.STOP), most LANA1 S isoform proteins are expressed in the cytoplasm fraction and, to a lesser extent, in the nuclear compartment (Fig. 7A) . Consistently, the lower-apparent-molecular-mass LANA1 S isoforms of BC1, at ca. 130 to 150 kDa (LANA1 S3 to S8), are present in cytoplasmic fractions immunostained with ␣CR2 and ␣CR2-3 ( Fig. 7B and C) .
DISCUSSION
The size of a viral genome markedly constrains the genetic coding capacity needed by the virus to complete its life cycle. Viral genome size is limited both by nucleic acid encapsidation requirements and by the need to minimize viral antigen presentation. Viruses frequently encode highly multifunctional proteins that can perform multiple tasks from a single gene. Some viruses, such as polyomaviruses, use alternative splicing to generate functionally distinct proteins (53) . Other viruses, including HIV, use frameshifting to amplify their genetic capacity from a single nucleic acid sequence (54) .
We show here for the first time that endogenous and ectopically expressed LANA1 shoulder bands are N-terminally truncated isoforms that are present in both the nucleus and the cytoplasm using newly generated LANA1-specific antibodies recognizing epitopes in the N terminus and CR2 domain. Coimmunoprecipitation experiments with endogenous and ectopically expressed LANA1 reveal the absence of the LANA1 N-terminal peptides in the LANA1 S shoulder bands. This was confirmed with protein detection using both N-terminal FLAG-tagged and C-terminal V5-tagged full-length LANA1 expressed in HEK293 cells.
LANA1 shoulders lacking N-terminal peptide sequences might be generated by alternative translation initiation, by partial N-terminal degradation, or by cleavage. If LANA1 S bands are generated by proteasomal degradation, then we would expect that MG132 treatment should eliminate these bands in PEL cells. However, we did not find evidence that shoulder bands are generated by proteasomal processing, nor did we find evidence that posttranslational phosphorylation can account for the apparent shift in gel migration for LANA1 S bands. LANA1 is a phosphoprotein, and a recent protein microarray study identified 63 human nuclear kinases that can phosphorylate LANA1 N terminus (55) . Among these, 24 kinases phosphorylate the chromatin-binding domain (CBD) of LANA1 between aa 3 and 21. However, presumably due to the size and highly charged nature of LANA1, we did not identify changes in LANA1 phosphorylation by shifts in gel mobility and phosphorylation patterns cannot account for the LANA1 shoulder banding pattern. We also did not detect any cleavage product of the N-terminal domain recognized with the ␣N-term antibody, suggesting that the shoulders do not arise from proteolytic processing. Shoulder bands are also largely unchanged by lytic virus induction using TPA. A recent transcriptomic and proteomic study revealed that KSHV has tight latency in BC1 cells but not in BCBL1 cells (56, 57) . We cannot exclude the possibility that lytic reactivation preferentially enhances expression of lowestmolecular-size LANA1 S isoforms (ca. 150 kDa), but it is unlikely that these isoforms are solely generated during the virus lytic cycle. Although we also cannot exclude the possibility that other posttranslational modifications or proteasome-independent degradation contribute to formation of these bands, our data are most consistent with constitutive alternative translation products being generated from ORF73 mRNA in addition to the full-length LANA1 L protein.
Several caveats to our analysis are appropriate. First, the protein expression pattern for LANA1 is exceedingly complex. LANA1 has a predicted size of ϳ135 kDa but migrates as a doublet of 226 to 234 kDa on SDS-PAGE. The long-form bands of LANA1, L1 and L2, have been demonstrated to run as a doublet as a result of a noncanonical polyadenylation signal that generates a 76-aa deleted C-terminal form as described by Canham and Talbot (25) . We reasoned that some of the shoulder forms might also arise from the C-terminal, noncanonical polyadenylation signal resulting in a multitude of similar doublet formations. The aberrant LANA1 migration (58) , in large part due to the N-terminal proline-rich domain, causes shifts in migration for alternative or deleted forms that are much greater than predicted based on the theoretical molecular weights. In addition, the highly repetitive structure of the protein containing multiple CR2 and CR2-3 antibody repeat epitopes complicates the unique identification of each LANA1 S isoform. This is particularly difficult in achieving clear resolution of individual high-molecular-weight bands. Thus, mapping studies to precisely identify the initiation sites for each and every individual shoulder band are beyond our current technical capacity.
Our analysis suggests that the slowest-migrating shoulder isoforms (LANA1 S1 and S2) result from alternative initiation at a non-AUG codon in the N-terminal sequence between aa 30 and 282. LANA1 N-terminal domain harbors four in-frame AUG codons. Using different methionine-to-alanine substitution, deletion, and stop codon insertion mutations, we failed to find evidence for translation initiation at M6, M161, or M282, suggesting a non-AUG downstream TIS (dTIS) for LANA1 S S1-2 (38) . Substitution mutations at amino acid positions 283, 284, 289, and 315 non-AUG codons in the region between M282 and CR1 did not affect LANA1 S banding patterns, indicating that faster-migrating LANA1 S isoforms (LANA1 S3 to S8) are likely to be generated from the central repeat region. Evidence points to CR1 as the major site for this initiation since CR1 deletion eliminates most of the low-molecular-weight isoforms.
The results presented here indicate that translation of LANA1 isoforms appears to occur by more than one mechanism. Leaky scanning is more likely to be involved in the generation of LANA1 shoulders rather than termination-reinitiation mechanism since LANA1 localization for BJAB, BC1, and various LANA1 constructs transfected into HEK293 cells. Nuclear and cytoplasmic fractions were run on an SDS-8% polyacrylamide gel and immunoblotted with ␣CR2 and ␣N-term antibodies. LANA1 isoforms are numbered from L1 to S8. Orc2 and Lamp1 served as nuclear and cytoplasmic fraction markers, respectively. *, Nonspecific band in the nuclear fraction is detected with ␣N-term antibody at ϳ100 kDa. (B) Total extracts of BJAB, BCBL1, and BC1 cells and nuclear (Nuc) and cytoplasmic (Cyto) fractions of BJAB and BC1 cells were separated on SDS-8% PAGE and immunoblotted with ␣CR2-3 and ␣N-term antibodies. Tubulin served as cytoplasmic fraction markers. *, Nonspecific band in the nuclear fraction is detected with ␣N-term antibody at ϳ100 kDa. (C) Subcellular protein fractions (Thermo Scientific) were used to evaluate the endogenous LANA1 distribution in PEL cells. Equal amount of soluble cytoplasmic (CE), plasma, mitochondria and ER/Golgi membranes (ME), and chromatin-bound nuclear protein (CB) fractions were separated on a gradient gel and immunoblotted with ␣CR2, ␣Orc2 (nuclear fraction marker), ␣-tubulin (cytoplasmic fraction marker), and ␣-calreticulin (endoplasmic reticulum marker).
an upstream ORF (uORF) is essential for the latter and the LANA1 expression constructs used in the present study lack uORFs. In a previous study, dTIS in human cells were found to be composed of 47% AUG and 53% non-AUG codons. The latter comprises CUG, AUG variants, and other codons as identified by GTI-seq (38) . The LANA1 N terminus comprises four methionines at aa 1, 6, 161, and 282. Among these, M1, M6, and M282 have moderately strong Kozak context sequences with either Ϫ3A/G or ϩ4G sites, or both. When M1 is deleted, the LANA1 banding pattern is largely unchanged, indicating that M6 can act as a TIS. Due to issues in protein resolution, we cannot determine whether M6 acts as a dTIS under natural conditions. Similar experiments with M161 and M282 do not reveal these methionines to have dTIS capacity, suggesting that non-AUG dTIS codons might be involved in shoulder formation. The reinitiation after 30.STOP and 159.STOP could be regulated by different mechanisms, including ribosomal shunting or IRES-like initiation at downstream non-AUG initiation codons.
As this protein's name implies (latency-associated nuclear antigen), the biological activities attributed to LANA1 have largely been ascribed to its localization in the nucleus. We show, however, that a substantial fraction of naturally generated LANA1 is actually constitutively present in the cytoplasm of KSHV-infected cells. The majority of LANA1 shoulders (LANA1 S S3 to S8), as well as a minority population of full-length LANA1 L forms are found in soluble cytoplasmic and membrane-bound fractions. Despite the lack of N-terminal NLS, an intact C-terminal NLS might be sufficient for the nuclear localization of some LANA1 shoulder forms, and we found both nuclear and cytoplasmic localization of LANA S3-8. Intriguingly, a portion of high-molecular-weight LANA1 having an intact N-terminal epitope can also be detected in cytoplasmic fractions. Consistent with the subcellular fraction analysis, confocal images suggest that LANA1 S targets different cytoplasmic organelles (mitochondria, ribosomes). These findings help to explain incongruous published results, such as predicted LANA1 interactions with cytoplasmic proteins (7-9), opening up the possibility for studies of LANA1 interactions that may have previously been assumed to be artifactual. Ribosomal profiling studies reveal unexpected noncanonical cellular protein translation products are commonly made in cells (38) . Our study indicates that a long-studied viral oncoprotein may make use similar alternative translation products to target multiple cellular processes.
